ABSTRACT. The aim of this research was to investigate the type of relationships between the concentrations of heavy metals in bottom sediments and in selected roach, Rutilus rutilus (L.), organs. The material studied included kidney, liver, gill, and muscle tissues of roach caught in selected areas of the Oder River. The contents of Cd, Pb, Zn, and Cu were analyzed in fish organs. The content of heavy metals in roach organs differed depending on the organ or, in some cases, on the feeding site. The concentration of heavy metals in bottom sediments also depended on the site of their collection. Positive mutual correlations between concentrations of selected metals in fish and bottom sediments were found. The contamination of bottom sediments in the lower reaches of the Oder River with Cd, Pb, Zn, and Cu was diverse and depended on the sampling area. The accumulation of metals in the organs of the studied fish varied and was positively correlated with the concentration of metals in sediments.
INTRODUCTION
When analyzing the aquatic environment with reference to heavy metal concentrations, their toxicity, and bioavailability to aquatic organisms, it must be remembered that sediments are both carriers and potential sources of contaminants (Salomons and Förstner 1984 , Calmano et al. 1990 , OEwiderska-Bró¿ 1993 . The processes of exchange of selected xenobiotics between sediments and water are of crucial importance for the evaluation of the potential contamination of the environment and hydrobionts (Calmano et al. 1990 (Calmano et al. , G³a¿ewski 1991 ). An increase in heavy metal concentrations in water is directly linked to their content in sediments, and this
Archives of Polish Fisheries
Vol. 16 Fasc. 1influences the amounts bioaccumulated in fish. Metals can penetrate fish via the gastrointestinal tract, skin, and gills, either directly assimilated from water, or indirectly with food through the gastrointestinal tract.
The diverse bioavailability of metals, reported by the majority of researchers, is conditioned by the character of the bonds between a metal and a sediment. The most mobile fractions are well known (Tesier et al. 1979 , Helios-Rybicka 1992 , Singh et al. 1996 , Tack et al. 1996 , Maiz et al. 1997 , Quevauviller et al. 1997 . It can be expected that there is a maximum correlation between these metal fractions and the content of metals in particular fish tissues.
The problem of metal speciation in bottom sediments, regarding their bioavailability to fish, is one of many aspects in studies of relationships within aquatic ecosystems. Only a part of the metals deposited in river sediments is available and can participate in the processes that affect the aquatic environment. It is known that metals bound via physical adsorption and chemisorption are in balance with sediment interstitial water, and may easily penetrate the aquatic environment. Knowledge of metal migration in unstable environmental conditions makes it possible to predict their potential uptake by plants and animals at a particular area. It also makes it possible to predict the interspecies differentiation in the content of trace metals (Miller et al. 1992) . The aim of the present research was to investigate to what extent the concentrations of heavy metals in fish were correlated with their concentrations in the abiotic part of the environment (sediments).
MATERIALS AND METHODS
The study involved roach, Rutilus rutilis (L.) caught in May and June 2000, and data on concentrations of heavy metals in sediments present in exchangable, carbonated, and total form. The data on heavy metals were collected in the same season and year as the fish analyzed. Five sites of sediment collection and roach sample collection, in the lower reaches of the Oder River, were selected (Fig. 1) . A pool of 10 individuals from each area was analyzed. Prior to analysis, whole fish were kept in a freezer at -20°C. To perform analysis, fish organs were removed, and about 1 g samples were weighed to the nearest 0.001 g using a WSP 210 C -1 analytical balance.
Cadmium, lead, copper, and zinc were determined in gills, livers, kidneys, and muscles. Heavy metal content in organs are presented in ìg g -1 dry weight (d.w.). 
RESULTS
Concentrations of heavy metals in bottom sediments depended on the site of their collection. The highest values of heavy metals content were noted at WG2, and the lowest value was noted at JW7 (Table 2) . The average concentration of heavy metals in particular roach organs differed depending on the organ and, in some cases, on the feeding site. The highest average of cadmium content in roach was found in muscle at the ZP8 station (0.325 ìg Cd g -1 d.w.; Table 3 ). The highest average of lead and zinc were found in gills at JW7 (0.254 ìg Pb g -1 d.w.; Table 4 ) and WG2 (384.1 ìg Zn g -1 d.w.; Table 5 ), while the highest copper content was found in liver at WG2 (30.21 ìg Cu g -1 d.w.; Table 6 ). Correlation coefficients obtained in the studies show mutual relations between the concentrations of heavy metals in sediments and in fish (Table 7) . Cadmium concentrations in roach kidneys, muscles, gills, and livers were correlated with its concentration in the exchangeable fraction, and with its total concentration in sediments, whereas cadmium concentrations in roach muscles and liver also correlated with its carbonated fraction of sediments. Statistically significant correlation coefficients were also revealed for relationships between lead concentration in fish muscles and lead concentrations in all analyzed fractions of sediments. Lead concentration in livers was correlated with its concentrations in the carbonated fraction of sediments. Statistically significant correlation coefficients between zinc concentration in kidneys, muscles, gills, and livers, and its concentrations in all analyzed fractions of sediments were observed. Statistically significant correlation coefficients were also recorded for copper. Correlations were found between cooper concentrations in roach kidneys and in the carbonated fraction of sediments, as well as between its concentrations in roach muscles and livers and total concentrations in sediments. Correlation coefficients for lead and cadmium had negative values, whereas for zinc and copper the values were positive.
DISCUSSION
Heavy metals are inorganic contaminants widespread in the aquatic environment.
Water pollution results in contamination of aquatic organisms and bottom sediments (Frenet 1981 , Migula 1993 , OEwiderska-Bró¿ 1993 , Dojlido 1995 . Regarding the risk of elevated metal amounts to organisms, much attention is paid to cadmium, lead, zinc, and copper. Metal concentrations in sediments can be influenced by variations in sediment texture, composition of sediment, reduction/oxidation reactions, and adsorption/desorption processes (Luoma et al. 1997) .
With regard to the results obtained in the present study, it must be taken into account that the bioavailability of trace metals is influenced by the physiological and ecological properties of organisms, the form of dissolved trace elements, the chemical and physical properties of the water, and the trace metal speciation in sediments (Jenne and Luoma 1977) . Each element has specific properties which determine its behavior Entering the aquatic environment, a majority of metals becomes bound to sediments, as a result of physicochemical and biological equilibriums and they settle relatively quickly Szefer 1991, Pempkowiak and Szefer 1992) . Only a part of the metals present in river sediments can participate in short-term chemical processes and are bioavailable (Salomons and Förstner 1984) . In suitable conditions, this heavy metal fraction may undergo quick desorption (Förstner et al. 1986 , Szponar 1991 , Luoma et al. 1997 ).
Numerous studies have been conducted on relationships between a chemical ability to release metals from solids and their uptake by biota, e.g. exchangeable metal fractions dissolved in water are frequently regarded as directly available for plants (Kurek et al. 1998) . Having entered an organism, metals are not distributed equally, but accumulate in particular organs, which was confirmed by the present research. In fish, metals accumulate mainly in kidneys, liver, intestinal epithelium, and, to a lesser extent, in other organs as well (Protasowicki 1989 , Migula 1991 . Heavy metals are also supposed to be bound by the surface of gills, affecting the proper functioning of the organ (Wagh et al. 1985, Morsy and Protasowicki 1990) .
Metals dissolved in water (Me 2+ , inorganic compounds, and low molecular organic compounds) are absorbed via diffusion, active transport, and facilitated transport through gills and gastrointestinal tracts, whereas forms connected with ligands i.e.
bound metals, suspensions, detritus, metal oxides, are absorbed through endocytosis (Migula 1991) . In general, respiratory and gastrointestinal tracts, as well as skin, are the main paths of metal uptake by aquatic organisms. However, absorption via the gastrointestinal tract and skin is significantly limited. Heavy metals in free-ionic forms are hardly absorbed from the gastrointestinal tract, whereas their organic compounds are absorbed completely (Hall et al. 1997 ).
The content of the elements in a particular fish organ depends on their distribution pattern in the organism, and on the role the organ plays in the processes of their absorption and elimination. This regularity was reflected in the current results. The highest concentration of cadmium was observed in kidneys, being target organs in fish and other vertebrates. Relatively high concentrations of cadmium in gills suggested that this element was absorbed by the respiratory system and accumulated in kidneys as metallothionein. Metallothioneins bind metals such as zinc, copper, mercury, cadmium, and silver. The proteins are responsible for maintaining a balance between copper and zinc concentrations, and protect the organism from the toxic effect of cadmium and mercury, which are inhibitors of metallothioneins.
Metal distribution in fish depends on the metal properties and physicochemical factors. It is known, that the effects of toxicants on organisms depend on their concentration, dose, duration of exposure, and route of exposure. The rate of their transformation and elimination is essential for the biological effects they induce. In the initial stage of distribution, the main role is played by the minute heart volume, which conditions the rate of the distribution of the substance in the organism, and the velocity of blood flow through the organs. During the first several minutes post-absorption, the largest amount of the substance reaches the heart, liver, and kidney. Toxic effect is a result of mutual interactions of three factors: the organism, the toxicant, and the external environment. During both intoxication and detoxification, substances are transferred throughout the fish. In studies on fish intoxication with a sublethal cadmium dose (10 ìg kg -1 body weight), Brucka-Jastrzêbska and Protasowicki Cadmium concentration in roach muscle was relatively low, except for the fish from the Pomeranian Bay (ZP8), where the concentrations were significantly higher.
This may indicate local, temporary contamination of waters with this metal. At the same time, cadmium concentration in fish muscles was higher than in kidneys. These observations support suggestions that, in this case, excretion of the metal from fish organisms was slower than its accumulation. Apart from a target tissue, affected by a toxic substance, there are also places responsible for its absorption, metabolic activation and detoxification, and elimination. The research of Brucka-Jastrzêbska and Protasowicki (2004a, b) , on cadmium and nickel toxicity to carp, revealed that sublethal doses of these metals produced no detectable toxic effects. However, following cadmium or nickel intoxication, a decline in fish activity occurred, resulting probably from shock, and from the processes of distribution and accumulation of cadmium and nickel in the organism. Such reactions, occurring during acute metal poisoning, were also reported by Prost (1994) . According to Rice and Harrison (1978) , the decline in metabolic activity of an organism, resulting from metal accumulation in tissues, also contributes to a decrease in the metabolic rate of muscle cells. This may occur because of a decline in metabolic energy, which is necessary for enzymatic processes accompanying detoxification. Brucka-Jastrzêbska and Protasowicki (2004a) report that intraperitoneal cadmium intoxication of carp induced an increase of metabolic rate within the organs responsible for detoxification (kidney and liver), simultaneously reducing the energetic expenses in the other organs. Also Heath (1990) informs that exposure to cadmium increased oxygen demand of in vitro cultured liver and gill cells.
The extent of accumulation and elimination of metals from various organs is diverse. In the study by Sreedevi et al. (1992) , resulted in the highest accumulation of the element in the gills, and the lowest in the liver, muscles, and kidney. Clarias batrachus (L.) exposed to nickel for 4 days, absorbed most of the metal in the kidney > liver > gills > intestines (Ray et al. 1990 ). Bream, Abramis brama (L.), from the Vistula River accumulated mercury mostly in the liver, intestines, heart, and gills (Ko³acz et al. 1996) . European catfish accumulated mercury and lead mainly in the liver and gonads (Svobodova et al. 1997) . Windom et al. (1987) suggest that the extent of metal accumulation in the muscles is influenced significantly by the size and age of fish, as well as by the degree of toxicity of chemicals affecting the organism. In the current study the highest cadmium concentrations were found in the kidneys, gills, muscles, and livers of roach caught in the Pomeranian Bay (ZP8).
The highest lead concentrations in fish were found in the gills, which indicates that the element was absorbed via the respiratory tract. High lead concentrations were also reported in the kidneys and livers. The fact that lead concentrations were higher in the muscles than in the kidneys, may lead to the conclusion that accumulation was overbalanced by detoxification. In the examined roach, the highest copper concentrations were detected in the liver, where it is stored. It was also observed that the level of copper concentration in fish livers and muscles was influenced by the catch site. Zinc, similarly to copper, is an essential element for living organisms; yet numerous studies have proved that fish are very sensitive to zinc compounds (Atchinson et al. 1987) . Fish absorb zinc compounds mainly via the gastrointestinal tract, and the liver is an accumulating organ. In the present study, the highest zinc concentrations were observed in the kidneys. Based on the correlation coefficients calculated (Table 7) The highest correlation coefficient, obtained for cadmium in roach kidneys and the sediment fraction I, was negative and statistically significant. The relationship was so clearly seen, because the kidneys are the main organs where cadmium is accumulated.
The kidneys specialize in the elimination of toxicants from the organism, and renal dysfunctions decrease the blood purification rate. In the case of heavy metals, processes of redistribution also occur, slowing down metal excretion. The biological half-life of cadmium ranges from several months to several years, depending on the type of exposure. During the process of distribution to tissues, metals either bind to tissue proteins, or are further transported to cells. Having reached the liver, cadmium binds to thiol groups in metallothionein, and in this form is excreted with body fluids from the organism. Stimulation of metallothionein synthesis, which is involved in detoxification, reduces concentrations of chemicals circulating in the fish. Each toxicant is simultaneously present in both central and tissue compartments in two fractions -bound to protein (the inactive fraction) and unbound (the free -active fraction). The substances bound to serum proteins may undergo processes of biotransformation and tubular excretion in kidneys. Much research demonstrates that amounts of metals accumulated in the organisms of freshwater and marine fish are very diverse (Protasowicki 1989 , Sharif et al. 1991 , Brucka-Jastrzêbska and Protasowicki 2004a . The negative correlation coefficient, calculated for relationships between cadmium concentrations in roach gills and in the exchangeable fraction of sediments, also turned out to be statistically significant. Similarly, cadmium concentrations in fish gills correlated negatively with its total concentrations in sediments. Cadmium bioavailability is related to the presence of its soluble forms. It must be remembered that sediment and water compositions are mutually dependent and undergo constant changes. Cadmium usually remains briefly in water, because it easily precipitates as carbonates, or adsorbs on suspension and bottom sediments. Therefore an increase in cadmium concentration in sediments would be accompanied by a decrease in its concentration in water (unless pollutants are introduced), resulting in a reduction of this biohazard for living organisms. However, it must be remembered that, in favorable conditions, cadmium may be desorbed from sediments (Alabaster 1980, Salomons and Förstner 1984) .
Another element which revealed statistically significant correlation coefficients was lead. Significant negative correlations were observed between lead concentrations in roach muscles and in exchangeable or carbonated fractions of sediments, as well as the total concentration of lead in sediments. This surprising phenomenon may be explained in the same way as in the case of cadmium. Additionally, it is well known that in the case of a deficiency of dissolved complex compounds (and at pH > 6.0 lead is completely adsorbed in sediments), its bioavailability is minimal, and it does not pose a serious direct hazard to fish.
Relationships between zinc concentrations in fish organs and sediments from the areas where the fish were caught were statistically significant in all cases. Positive, statistically significant correlation coefficients occurred between copper concentrations in fish kidneys and in the carbonated fraction of sediments, as well as between concentrations of copper and zinc in fish tissues and sediments.
A majority of fish organs from polluted areas were characterized by an increased content of zinc and copper, if compared to fish from less contaminated areas. Industrial sewage and substances applied in agricultural production are the main sources of water contamination with copper (Kabata-Pendias and Pendias 1999). In the case of the lower reaches of the Oder River, contaminants also inflow from the upper reaches of the river, from the vicinity of G³ogów (Copper Smelting-Mining Combine). When the maximum saturation of sediments with copper occurs and its concentration in water is still increasing, the amount of its bioavailable forms also increases. The bioavailability of metals is also significantly dependent on water hardness, because, in hard waters, copper precipitates as insoluble, hardly available carbonates and hydroxides (Alabaster 1980) . High copper concentrations in fish livers observed during the present research can be explained logically by the fact that copper is a component of many enzymes and easily forms bindings between various proteins, especially between low-molecular weight proteins containing significant amounts of the thiol groups (Kabata-Pendias and Pendias 1999). An example of such a protein is metallothionein, which has a great capacity to bind copper and other metals (Olsson and Houx 1986) .
To explain these phenomena, detailed studies are necessary which would include many factors and changes occurring in the environment at a given time. It would also be important to investigate absorption, metabolism, and excretion of a given xenobiotic from a fish body. Sediment can be considered as a heterogeneous mixture of dissimilar particles.
Solid phases, interacting with dissolved constituents in natural waters, consist of a variety of components including clay minerals, carbonates, quartz, feldspar, and organic solids (Calmano et al. 1990) . Organic surfaces adsorbing metals may be formed from organisms such as bacteria and algae, through the dying of plant and animal material, through aggregation of organic compounds of low molecular weight, and through sorption of organic compounds of low molecular weight to clay substrates and metal oxides (Davis and Gloor 1981) .
Metals can be bound to sediments in several ways. They can adsorb on the surface of suspensions, associate with carbonates, bind to iron and manganese oxides, form insoluble sulfides (amorphous or crystalline), accumulate in living and inanimate organic matter, or be built in the crystalline structure of aluminosillicates (Tessier et al. 1979 ). In river sediments, metals are mainly bound to clay minerals, carbonates, feldspar, and organic substances. Relatively high amounts of metals are associated with clay minerals and heavy minerals (Helios-Rybicka 1986, Helios-Rybicka and Kyzio³ 1991) . Contaminants, including metals, are accumulated in sediments continuously.
The dating of sediments and analysis of metal concentrations make possible an estimation of the period when their accumulation rate increased Ciszewski 1990, Sobczyñski et al. 1996) .
The evaluation of the influence of physicochemical conditions in the aquatic environment on the level of metal accumulation in sediments and fish from analyzed areas is complex and, therefore, difficult. Certainly in 1998, and maybe even in 1999, as a consequence of a catastrophic flood in 1997, the waters of the Oder River carried large amounts of contaminants including heavy metals. However constant self-purification processes, due to outwashing the sediment fine-grained fraction, probably reduced the primary level of contamination by the year 2000. Time and the course of self-purification processes were influenced by the conditions in the lower reaches of the Oder River. These processes could also be the reason why direct correlations between concentrations of metals in fish tissues and sediments were difficult to observe. It must be highlighted that the correlations obtained in the studies apply only to a particular area and a given period of time, and may change because of various external factors.
The results do not provide data on the direct influence of contaminations deposited in sediments, but may indirectly provide information about e.g. the velocity of self-purification processes, or the progress of self-purification during the period of the study. Observed correlations cannot be direct because metals deposited in sediments are not available for the aquatic organisms until they are released and transferred to the solution, due to changes in environmental conditions.
